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graphical	 distances	 such	 as	 between	 continents	 (Hobson	 &	 Norris,	
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biochemical	 markers	 is	 that	 they	 can	 be	 linked	 to	 those	 individuals	
that	 actually	 survived	 the	 migration	 to	 their	 breeding	 habitats,	 and	
therefore,	better	represent	the	population.	As	fish	otoliths	are	almost	
completely	 mineralized	 from	 the	 carbonate	 of	 the	 environmental	
water	(Kim,	O′Neil,	Hillaire-	Marcel,	&	Mucci,	2007;	Patterson,	Smith,	
&	Lohmann,	1993;	Solomon	et	al.,	2006),	analysis	and	comparison	of	
otolith	and	water	stable	 isotopes	can	reveal	 the	 locations	where	the	
otolith	of	an	individual	fish	is	formed.	However,	if	the	chosen	tissues/























stations	of	global	 isoscape	data	may	be	too	 large	for	adequate	 local	
isotopic	 discrimination	 (see	 Bowen	&	 Revenaugh,	 2003).	Therefore,	
additional	isotopic	data	are	needed	to	increase	the	resolution	of	global	




solved	 inorganic	carbon	 (δ13CDIC)	 for	the	water	of	the	Baltic	Sea.	 (2)	
As	an	example	we	demonstrate	the	potential	of	these	isoscapes	using	
two	Atlantic	 salmon	 individuals	 from	 the	 River	 Simojoki.	 Combined	
with	the	isotope	data	from	the	salmon	and	spatial	probability	surface	




2  | MATERIAL AND METHODS
2.1 | Sampling and isotope analyses of water
Baltic	Sea	water	samples	were	collected	during	three	different	cruises	









was	 sampled	at	 a	depth	of	10	m	 from	every	 sampling	 station	 (alto-
gether	316	 samples	 from	134	 station	 visits,	 black	dots	 in	 Figures	3	
and	4).	From	25	stations,	water	was	also	sampled	vertically	at	5–50	m	
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intervals	depending	on	water	depth	at	the	site	 (Figure	4).	Maximum	
distances	between	sampling	stations	were	 less	 than	100	km.	Water	









rubber	 septum)	and	 flushed	and	 filled	with	a	helium	atmosphere.	 In	
the	field	2–4	ml	of	sea	water	from	each	station	and	sample	depth	was	
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refrigerator	(+4°C)	in	a	dark	room	pending	laboratory	analysis.	In	the	
laboratory,	 similar	vials	 as	used	 for	δ13CDIC	 samples	were	 filled	with	
0.5	ml	sea	water	and	equilibrated	with	CO2	for	at	least	24	hr	at	25°C.	
Analyses	of	samples	started	within	a	week	after	arrival	to	the	labora-
tory,	 first	 the	δ13CDIC	 samples	 immediately	after	arrival.	The	δ
13CDIC 
values	are	expressed	 relative	 to	VPDB	 (Vienna	Pee	Dee	Belemnite),	





Mean	 Ocean	Water	 [VSMOW],	 δ18O	=	0‰)—SLAP	 (Standard	 Light	
Antarctic	Precipitation,	δ18O	=	−55.5‰)	scale;	±0.1‰.	All	water	sam-
ples	were	 analyzed	 for	 both	δ13CDIC	 and	δ18OH2O	 at	 the	 Laboratory	
of	 Chronology,	 Finnish	 Museum	 of	 Natural	 History,	 University	 of	








2.2 | Otolith sampling, micromilling and stable 
isotope analysis






2012;	 original	 LUKE	 code	 numbers	 SS5447	 and	 SS5461,	 hereafter	
FISH	1	and	2,	respectively).	Both	salmon	had	spent	two	years	feed-








custom-	built	 three-	dimensional	 computer-	controlled	 micromilling	
system	in	the	Saskatchewan	Isotope	Laboratory	at	the	University	of	
Saskatchewan	 following	 the	 procedure	 of	 Wurster,	 Patterson,	 and	
Cheatham	 (1999).	This	 system	allowed	31–32	sampling	paths	 to	be	
followed	 concordant	with	 growth	 banding	 in	 both	 otoliths.	 Isotope	
ratios	 of	 samples	 were	 determined	 using	 a	 Finnigan	 MAT	 253	 di-
rectly	 coupled	 to	a	Kiel-	IV	automated	carbonate	preparation	device	











tuations	 in	 ambient	 temperature.	 These	 periods	 are	 clearly	 seen	 in	
the	 otoliths,	 as	 otolith	 carbonate	with	 the	 highest	 δ18Ooto	 values	 is	
accreted	 during	 cold	winter	 period,	while	 the	 lowest	δ18Ooto	values	
represent	highest	 temperatures	 in	 the	summer	 (Figure	6;	Wurster	&	
Patterson,	2003).
2.3 | Creating isotopic (isoscapes) and temperature 




for	 Baltic	 Sea	 Research	 Warnemünde	 (IOW;	 Seifert,	 Tauber,	 &	
Kayser,	2001)	and	for	both	horizontal	maps	and	vertical	profiles	from	
the	 General	 Bathymetric	 Chart	 of	 the	 Oceans	 (GEBCO_08	 Grid).	
GEBCO_08	Grid	had	to	be	converted	into	NetCDF	format	compat-
ible	with	ODV	with	R	Statistics	software	v	3.0.1	(R	Core	Team,	2013)	












we	 created	 predictive	models	 to	 estimate	δ18OH2O	 values	 from	 the	
Baltic	 Sea	water	 salinity	 (S)	 data	which	 is	 an	 excellent	 predictor	 for	
δ













for	 the	 period	 the	 study	 salmon	had	 spent	 in	 the	 sea	 (2007–2008)	
were	selected.	As	we	found	statistically	significant	seasonal	difference	
in	 measured	 δ18OH2O	 values,	 three	 separate	 δ
18OH2O	 maps	 [winter	








Salmon	 summer	 temperatures	 were	 fixed	 at	 11.5°C,	 calculated	
from	preferred	 true	10	m	staying	depths	of	salmon	 in	Baltic	 salmon	
data	 storage	 tag	 study	 by	 Westerberg,	 Sturlaugsson,	 Ikonen,	 and	
Karlsson	 (1999).	 For	winter	 temperatures	 (2007–2008),	we	used	 all	







2.4 | Creation of otolith- related isoscapes from 
δ18OH2O, δ
13CDIC, δ13Cdiet and water temperature
Understanding	 the	 dependence	 of	 ambient	 water	 temperature	 and	
δ
18OH2O	 values	 on	 δ
18Ooto	 is	 necessary	 to	 obtain	 comparable	 val-
ues	 of	 δ18Ooto	 and	 δ18OH2O	 for	 spatial	 assignment	 of	 salmon	 (e.g.,	
Patterson	et	al.,	1993).	Moreover,	the	δ13Coto	value	is	a	mix	of	bicar-
bonate	δ13CDIC	from	ambient	water	and	metabolically	derived	bicar-








Initially,	 δ18OH2O	 values	 are	 calculated	 relative	 to	 the	 VSMOW	
scale	 and	δ18Ooto	values	 relative	 to	 the	VPDB	 scale	 from	 the	 IAEA.	
To	 enable	 direct	 comparison	 of	 δ18Ooto(VPDB)	 with	 δ
18Owater(VSMOW),	
δ18Owater(VSMOW)	 values	 were	 converted	 to	 VPDB	 using	 following	
equation	(from	Clark	&	Fritz,	1997):
Oxygen	 isotope	 values	 of	 otoliths	 reflect	 those	 of	 the	 ambient	
water	(Campana,	1999;	Farrell	&	Campana,	1996;	Thorrold,	Jones,	&	
Campana,	 1997),	 with	 a	 temperature-	dependent	 fractionation	 (e.g.,	
Patterson	et	al.,	1993).	Following	common	practice,	we	used	the	linear	
temperature-	dependent	fractionation	(e.g.,	Patterson	et	al.,	1993).
where T	 is	temperature	(103/K),	where	K	 is	ambient	water	tempera-
ture	 in	Kelvin,	 and	 parameter	α	 is	 the	 fractionation	 factor	 between	
otolith	 and	 ambient	 water	 [α	=	(δ18Ooto(VPDB)	+	1,000)/(δ18OH2O
(VPDB)	+	1,000)].	 Model	 fractionation	 constants	 a	 and	 b	 in	 four	 pre-
vious	 studies	 covering	 salmonid	 fishes	 are	 variable	 (a	=	−41.14,	
b	=	20.43:	Godiksen	et	al.,	2010;	a	=	−33.43,	b	=	17.88:	Hanson	et	al.,	





ment	 (i.e.,	 for	probability	 surfaces),	hereafter	Model	3	and	Model	1,	
respectively.	Also	an	average	of	all	four	models	(a = −37.44,	b = 19.39)	
was	calculated	and	used	accordingly,	hereafter	Model	2	(Appendix	S2).










the	Baltic	Sea	(sprat	[Sprattus sprattus],	Baltic	herring	[Clupea harengus 
membras]	 and	 three-	spined	 stickleback	 [Gasterosteus aculeatus])	 in	 a	
particular	location	(Appendix	S3)	and	M	is	the	proportion	of	metabolic	
carbon	in	the	salmon	otolith	(Sherwood	&	Rose,	2003):
where Kcaud	 (Atlantic	 salmon	caudal	 fin	 ratio;	Minns,	King,	&	Portt,	
1993)	is	2.4.
2.5 | Salmon assignment using otolith and water 
isotope values
To	estimate	 the	 locations	of	 salmon	 individuals	 in	 their	1SW,	2SS	
and	 second	 2SW	 from	 δ18Ooto	 and	 δ
13Coto	 values,	 we	 calculated	
probability	 density	 surfaces	 for	 each	 salmon	by	using	 a	determin-
istic	grid	covering	the	Baltic	Sea	following	the	approach	presented	
in	Wunder	 (2010)	with	R	Statistics	software	v	3.0.1	 (R	Core	Team	
2013).	We	 first	had	 to	 reinterpolate	all	DIVA	 interpolation	 results	
(water	 and	 diet-	based	 isotopes,	 temperatures,	 etc.	 which	were	 in	
different	 kinds	 of	 nondeterministic	 grids)	 from	ODV	 into	 a	 deter-
ministic	 grid	 to	 enable	 us	 to	 calculate	 the	 fractionation	 equations	
for	all	grid	locations.	This	reinterpolation	was	performed	with	local	
(Nmax =	4)	 inverse-	distance	 weighting	 interpolation	 available	 in	
the	R	package	gstat	 (Pebesma,	2004).	The	probability	density	sur-























2260  |     TORNIAINEN ET Al.
of	several	fish	individuals	(ɛ	=	0.207	estimated	from	Godiksen	et	al.,	
2010).








carbon	 isotopes	 have	 been	 taken	 into	 account,	 probabilities	 were	
calculated	 by	multiplying	 isotope-	wise	 probabilities,	 assuming	 inde-
pendence,	which	may	not	be	strictly	 true	 for	 this	kind	of	phenome-
non.	However,	our	data	did	not	allow	for	full	estimation	of	covariance	
between	 true	data	values	due	 to	partially	differing	measurement	or	
observation	 locations.	 Nevertheless,	 the	 covariance	 of	 interpolated	
surfaces	was	 about	 10-	fold	 smaller	 than	 the	variances	 of	 individual	
isotopes.	Therefore,	we	expect	that	any	possible	error	in	the	results,	
due	to	dependence	in	isotope	values,	is	small.














13CDIC values in the Baltic Sea
Difference	in	δ18OH2O	values	between	seasons	at	10	m	depth	at	the	
same	 locations	 was	 statistically	 significant	 (Paired	 samples	 T	 test:	
N = 31,	p < .001).	However,	 the	mean	 (±SD)	values	of	δ18OH2O were 










Mean	 (±SD) δ13CDIC	 values	 were	 significantly	 different	 (Paired	




The	 difference	was	 smaller	 in	 the	winter	 (Figure	3d).	 An	 increasing	
trend	was	observed	in	δ13CDIC	values	from	the	Gulf	of	Finland	to	the	











exhibited	 variation	 between	 summer	 and	winter	 in	 the	 upper	water	




There	was	 a	 strong	δ18OH2O–S	 relationship	 and	 the	 coefficients	
of	determination	for	all	the	models	were	close	to	1.	Relationship	ap-
peared	 to	 be	 linear	 only	 for	 Southern	Baltic	 Sea	 (R2	=	.98),	while	 in	
Gulf	of	Finland	(R2	=	.97)	and	Gulf	of	Bothnia	relationships	where	of	
logarithmic	shape	(R2	=	.99;	Figure	5).
































y = 0.263x - 8.684
R2 = 0.98
y = 2.245ln(x) - 11.243
R2 = 0.97
y = 3.447ln(x) - 13.664
R2 = 0.99
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For	 both	 otoliths,	δ13C	values	 also	 showed	 clear	variation	 along	
the	 otolith	 radius,	 from	 lowest	 δ13C	 values	 in	 the	 otolith	 nucleus	









1	 otolith	 δ18O	values	 increased	 to	 the	 highest	 values	more	 sharply	
than	those	of	FISH	2,	for	which	δ13C	values	increased	in	a	more	linear	




3.3 | Probability surfaces for salmon locations in the 
sea- feeding phase







(Figure	7d–f).	Compared	 to	 the	Model	1,	assignments	of	 the	Model	
3	(Patterson	et	al.,	1993)	were	located	more	northern	and	also	colder	
areas	or	 to	 areas	with	 lower	 salinity	 (the	Gulf	 of	 Finland;	 Figure	7).	
Model	2	(the	average	model	of	four	models	used	in	the	study)	salmon	
assignments	were	between	Hanson	et	al.	(2013)	and	Patterson	et	al.	
(1993)	models	 (Figure	7).	Some	of	 the	assignments	of	 the	models	2	
and	3	were	confined	to	such	a	small	area	that	results	of	the	models	
were	not	very	visible	in	the	assignment	maps	(Figure	7).
Total	 of	 eight	 different	 results	 (Figure	8)	 were	 obtained	 from	
the	sensitivity	analysis	 in	addition	to	the	result	obtained	with	actual	
measured	values.	 Increasing	 the	otolith	δ18O	value	causes	 the	most	
probable	area	in	the	Gulf	of	Bothnia	to	shift	slightly	toward	west,	and	





4.1 | Isotope values of the Baltic Sea
We	presented	the	distribution	of	δ13CDIC	and	δ18OH2O	values	 in	 the	
Baltic	Sea	during	both	summer	and	winter	via	interpolated	horizontal	
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The	 distinctive	 hydrologic	 characteristics	 of	 the	 Baltic	 Sea	 are	
clearly	reflected	in	our	measurements.	δ18OH2O	values	in	the	Baltic	Sea	
are	mainly	controlled	by	the	influx	from	the	Danish	straits	of	denser,	
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change	 this	 situation.	 Lack	 of	 winter	 isotope	 measurements	 south	
from	Gotland	might	 have	 affected	 the	 interpolated	 values	 denoted	







control	 the	water	 column	 characteristics	 and	δ18OH2O.	 The	 clearest	
distinction	 between	 the	mechanisms	 based	 on	 temperature-	related	
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(Fry,	2006)	was	reflected	in	the	distinct	differences	between	summer	
and	winter	 in	 the	 surface	water	 values	 of	 δ13CDIC.	 This	 mechanism	
also	offers	a	possibility	to	reveal	animal	movements	(MacKenzie	et	al.,	
2011;	Trueman,	MacKenzie,	&	Palmer,	2012).	The	dark,	hypoxic	halo-



















4.2 | Isotope values of otoliths and the location 
estimates of salmon during their sea- feeding phase
Both	otoliths’	isotope	values	showed	clear	and	similar	variations	from	
the	nucleus	to	the	otolith	edge	for	the	two	example	salmon	individu-
als	 in	 this	 study.	Our	 results	 are	 consistent	with	measurements	 for	
salmon	 in	the	Atlantic	environment	 (Hanson	et	al.,	2010,	2013),	 the	
Pacific	 (Zazzo,	Smith,	Patterson,	&	Dufour,	2006)	 and	even	 in	early	
salmon-	like	fish	172	million	years	ago	in	the	proto-	Atlantic	during	the	
Jurassic	 Period	 (Patterson,	 1999);	 the	 similar	 isotope	 values	 in	 the	
otolith	nuclei	and	the	outermost	edges	clearly	show	the	hatching	and	
spawning	times	of	the	individual	salmon	in	the	river.	Values	between	
the	nucleus	and	the	edge	 indicate	 the	salmon	 life	cycle	 from	a	parr	

















ogy	 has	 remained	 stable	 the	 effect	 of	missing	values	 is	 likely	 to	 be	
small.	The	assignment	of	location	does	not	seem	to	change	radically	
in	those	areas	where	all	interpolation	surfaces	used	in	the	assignment	
have	 high	 confidence.	 Although	 differences	 in	 stable	 isotope	 com-
position	 of	water	 between	 basins	was	 not	 large,	 sensitivity	 analysis	
indicate	that	Model	1	was	relatively	robust	for	slight	changes	in	oto-
lith	 isotope	composition.	Probable	 locations	 for	 tested	1SW	FISH	2	
remained	in	Bothnian	Sea	although	we	made	realistic	modifications	in	
isotope	composition	of	otolith.
Temperature–fractionation	 relationships	 (Godiksen	 et	al.,	 2010;	
Hanson	et	al.,	2013;	Patterson	et	al.,	1993;	Storm-	Suke	et	al.,	2007)	
between	 δ18Ooto	 and	 δ18OH2O	 values	 provide	 means	 for	 evaluating	















and	sometimes	even	 invisible,	 indicating	 that	all	parameters	are	not	
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March)	sea	surface	temperature	(SST)	are	small,	average	temperature	
















salmon	 and	 therefore	 there	 is	 urgent	 need	 for	 species-	specific	 ex-




otoliths.	 Regardless	 of	 these	 small	 shortcomings,	 our	 examples	 il-
lustrate	the	great	potential	of	the	isoscape	method	used	in	this	and	
other	studies	(Correia,	Barros,	&	Sial,	2011;	Dufour,	Höök,	Patterson,	
&	 Rutherford,	 2008;	Hanson	 et	al.,	 2013)	 for	 revealing	 fish	move-





salmon	and	other	 fish	 species	 alongside	other	methods	 (Chittenden	





corrections	 should	 cover	 the	whole	 study	 area	 to	 achieve	 the	most	
reliable	area	assignments.
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